Laser-capture microdissection was coupled with PCR to define the mitochondrial genotype of aged muscle fibers exhibiting mitochondrial enzymatic abnormalities. These electron transport system (ETS) abnormalities accumulate with age, are localized segmentally along muscle fibers, are associated with fiber atrophy and may contribute to age-related fiber loss. DNA extracted from single, 10 µm thick, ETS abnormal muscle fibers, as well as sections from normal fibers, served as templates for PCR-based deletion analysis. Large mitochondrial (mt) DNA deletion mutations (4.4-9.7 kb) were detected in all 29 ETS abnormal fibers analyzed. Deleted mtDNA genomes were detected only in the regions of the fibers with ETS abnormalities; adjacent phenotypically normal portions of the same fiber contained wild-type mtDNA. In addition, identical mtDNA deletion mutations were found within different sections of the same abnormal region. These findings demonstrate that large deletion mutations are associated with ETS abnormalities in aged rat muscle and that, within a fiber, deletion mutations are clonal. The displacement of wild-type mtDNAs with mutant mtDNAs results in concomitant mitochondrial enzymatic abnormalities, fiber atrophy and fiber breakage.
INTRODUCTION
Defects in the mitochondrial genome accumulate with age and are thought to have a causal role in aging processes (1) (2) (3) (4) . The mitochondrial genome is a 16.3 kb closed circular DNA molecule and it encodes 22 tRNAs, two rRNAs and 13 polypeptides of the electron transport system (ETS). Two to 10 copies of the genome are found in each mitochondrion (5) . The mitochondrial genome is susceptible to mutation damage because the circular DNA is located near the source of reactive oxygen species production, it lacks histone protection (6) and DNA repair systems are limited in mitochondria (5, (7) (8) (9) . Mitochondrial (mt) DNA rearrangements have been implicated in ETS abnormalities observed in mitochondrial myopathies (reviewed in 10). These mutations include duplications of regions of the mitochondrial genome (11) , point mutations (12) and deletions of large segments of the genome. mtDNA deletion mutations accumulate with age and are commonly detected in post-mitotic tissues, such as brain, heart and skeletal muscle, which rely heavily on oxidative metabolism (13) (14) (15) .
Age-associated defects of mitochondrial respiratory function accumulate in skeletal muscle of humans, rhesus monkeys and rodents (3, (15) (16) (17) (18) . These defects accrue in a subset of muscle fibers necessitating histological approaches for detection. Commonly used markers for mitochondrial ETS abnormalities include the histochemical activities of cytochrome c oxidase (COX, complex IV) and succinate dehydrogenase (SDH, complex II). Two abnormalities in these activities have been observed with age, a loss of COX activity (COX -) and concomitant increase in SDH activity (SDH hyperreactive regions, also known as a ragged red phenotype). This phenotype (COX -and SDH ++ ) suggests a lesion in the mtDNA as three of the COX subunits are encoded by the mitochondrial genome whereas SDH is entirely nuclear encoded. The distribution of COX -/SDH ++ regions is not homogeneous in all muscle fibers but rather the abnormalities accumulate focally in a subset of muscle fibers. The abundance of these abnormalities ranges from 15% of rectus femoris muscle fibers in old rats (15) to an estimated 60% of vastus lateralis fibers in very old rhesus monkeys (18) . The physiological consequence of ETS abnormalities is suggested in studies that examine individual fibers along their length. Fiber atrophy leading to fiber breakage appears to be a result of mtDNA deletion mutations and associated ETS abnormalities (15, 18) .
The majority of mtDNA mutation studies in aging tissues have been performed on tissue homogenates involving thousands of cells. The calculated abundance of specific mtDNA deletion products compared with total DNA present in the homogenates is exceedingly low (<0.1%) (3, 13, 19) . Inherent to these tissue homogenate studies is the assumption that there is a homogeneous distribution of aberrant mitochondria. Mitochondrial enzymatic abnormalities, however, accumulate focally in muscle fibers as evidenced by distinct, localized and segmental phenotypic changes (15, 18) . mtDNA deletion mutations are also distributed in the same mosaic manner. This has been demonstrated in defined fiber number studies (20) , in situ *To whom correspondence should be addressed. Tel: +1 608 262 7362; Fax: +1 608 262 7420; Email: aiken@ahabs.wisc.edu hybridization analyses (3, 18, 21) and by characterization of individual cardiomyocytes (22, 23) . In situ hybridization analyses indicate an association of age-related mitochondrial ETS abnormalities with mitochondrial deletion mutations (3, 18, 21) ; however, such hybridization analyses cannot precisely define the deletion event.
Manual techniques for the isolation of individual muscle fibers prior to PCR analysis have been employed in studies examining mitochondrial myopathy patients (24) (25) (26) (27) (28) . The development of laser-capture microdissection (LCM) allows for the precise identification, isolation and subsequent molecular characterization of a specific cell or portion of a cell from a histological section. In the work presented here, histological analyses and LCM were combined with PCR-based mtDNA analyses to determine the mitochondrial genotype in ragged red regions of aged skeletal muscle. mtDNA deletion mutations were detected, using whole genome PCR amplification in the ETS abnormal region, in all 29 ragged red fibers analyzed. Wild-type mtDNA genomes were present in ETS normal fibers and in the ETS normal segments of ragged red fibers, only genomes with deletion mutations were detected in the ragged red regions. Our results demonstrate a strict correlation between the mtDNA deletion mutations and the ragged red phenotype in aged rat skeletal muscle. The presence of a specific deleted genome in an individual ragged red fiber suggests a clonal expansion of deleted mtDNA genomes in ETS abnormal regions of muscle fibers.
MATERIALS AND METHODS

Animals and sample preparation
Male Fischer 344 × Brown Norway F 1 hybrid rats were purchased from the National Institute on Aging colony maintained by Harlan Sprague Dawley (Indianapolis, IN). Five 38-month-old rats were anesthetized with sodium pentobarbital and killed by exsanguination. The rectus femoris muscles were dissected, transected at the mid-belly, embedded in optimal cutting temperature (OCT) medium (Miles Inc., Elkhart, IN) and flash frozen in liquid nitrogen-cooled isopentane. Samples were stored at -80°C until analyzed.
Histochemistry
Rectus femoris muscle samples in OCT were raised to the temperature of cryostat (-20°C). Two hundred consecutive, 10 µm thick serial sections were cut and placed on Probe-on Plus Slides (Fisher Scientific, Pittsburgh, PA). Sections were stored at -80°C until analyzed. Histochemical staining for COX and SDH activities were performed according to Seligman et al. (29) and Dubowitz (30) . Ragged red fibers exhibiting COX -and SDH ++ phenotypes were identified and characterized along the length of muscle fiber at 60 µm intervals.
Laser-capture microdissection
Frozen sections, immediately adjacent to those used for the detection of ragged red fibers, were stained for SDH activity as described above. Sections were then dehydrated through an ethanol and xylene series. Slides were air dried and immediately used for LCM. Individual skeletal muscle fiber sections were microdissected using a PixCell II laser-capture microscope (Arcturus). Settings for LCM were a laser spot size of 15-30 µm in diameter, a pulse power of 30 mV and a pulse width of 50 ms. A single-fiber section was captured on LCM transfer film on a CapSure cap. Any extraneous non-captured material was removed from the cap using the CapSure pad (Arcturus).
DNA isolation and PCR-based deletion analysis
Digestion solution (1 µl) containing 2.0 mg/ml proteinase K, 0.5% SDS and 10 mM EDTA was added to each sample to release DNA from individual fiber sections. The samples were incubated at 37°C for 30 min in a humidified chamber. The released DNA was recovered with 10 µl water. One microliter of the DNA solution from an individual fiber section was analyzed by PCR. Short extension PCR (93°C for 15 s, 60°C for 30 s, 72°C for 2 min, 35 cycles) was employed to amplify small mtDNA fragments (<2 kb) using the Taq polymerase PCR system (Promega). Long extension PCR (93°C for 15 s, 62°C for 30 s, 68°C for 15 min, 25 cycles) was performed to amplify the whole mtDNA genome using Expand Long Template PCR System (Roche). Primers used for PCR analyses are summarized in Table 1 . For whole mitochondrial genome amplification, 25 cycles of primary PCR were followed by 25 cycles of nested PCR. The outer primer pairs for primary PCR, F15671 and R15377, amplify a 16 007-bp fragment of the rat mitochondrial genome. The inner primer pairs for nested PCR, F15826 and R15233, amplify a 15 708-bp fragment. The amplification products from long extension PCR were ligated into the pGEM®-T Easy vector (Promega) and breakpoints were defined following sequence analysis at the University of Wisconsin-Madison DNA Sequencing Center.
RESULTS
Age-associated ragged red fibers in rat skeletal muscle
Serial sections of 38-month-old rat rectus femoris muscle samples were examined at 60-µm intervals for COX and SDH activities to identify and analyze the distribution of ETS normal and abnormal regions of individual fibers. Twenty-nine fibers containing regions exhibiting concomitant COX -and SDH ++ phenotypes were identified. All were mosaically and segmentally distributed among 7000 fibers over a 2000-µm thick region of 38-month-old rectus femoris (Fig. 1) . Detection of mtDNA deletion products in ragged red skeletal muscle fibers using whole mtDNA genome PCR amplification LCM was used to isolate individual ragged red skeletal muscle fibers from the 10-µm thick muscle sections. Total DNA from 29 ragged red fiber sections and 10 randomly selected ETS normal control fiber sections were analyzed by PCR amplification using long-extension PCR. With 25 cycles of primary amplification followed by 25 cycles of nested PCR amplification, the wild-type mitochondrial genome was successfully amplified from the ETS normal fibers (Fig. 2, lanes 9 and 10) . In all 29 ragged red regions, smaller than wild-type mtDNA genomes were detected. Single amplification products were detected in all but one of the ragged red fibers, which contained two deletion products ( Table 2 ). The deletion products ranged in size from 4.4 to 9.7 kb, corresponding to mtDNA genomes of 11.9-6.6 kb (Fig. 2, lanes 1-8) . Deletion mutations were not detected in the ETS normal fibers; conversely, wild-type mtDNA genomes were not detected in the ragged red regions. Confirmation of the size of the mitochondrial genomes associated with the ETS abnormal fiber regions was performed in a second amplification of the LCM template using major arc primers (F5881 and R15144, Table 1 ) in a 35 cycle short-extension PCR. Figure 3A presents five amplification products from ETS abnormal regions detected using nested long-extension PCR (lanes 1-5). When the same fiber sections were amplified by short-extension PCR, a single, appropriately sized deletion product, based on the long-extension reactions, was amplified in four fibers (Fig. 3B) . A deletion product was not observed in the other fiber (Fig. 3B, lane 3) . Subsequent sequence analysis demonstrated that the deletion in this sample included the F5881 primer site ( Table 2) .
Identification of deletion breakpoints
DNA sequence analysis defined the breakpoints of the deletion events. All deletions occurred in the major arc of the mtDNA genome with both the heavy and light strands of origin of replication being conserved (Fig. 4) . Large direct repeat and inverted repeat sequences were not present at the deletion breakpoints ( Table 2 ). Each ragged red fiber contained a specific deleted genome with unique breakpoints, confirming the amplification reactions, which indicated that 'common' deletions do not appear to be associated with the age-related ragged red phenotype in rat skeletal muscle. A single deletion event with specific breakpoints was identified in 28 mtDNA genomes. One exception was fiber number 6 in which several breakpoints were present and some of the sequences between breakpoints were disordered ( Table 2 ).
Longitudinal analysis of mitochondrial genotype and ragged red phenotype
The segmental nature of the RRF phenotype suggested a focal accumulation of mutated mitochondrial genomes. Longitudinal studies were performed to define further the relationship between the mitochondrial genotype and the ragged red phenotype. We used laser capture to sample various regions along the length of a single fiber including both the ragged red region and flanking phenotypically normal regions ( Fig. 5A and B) . Long-extension PCR analysis showed that wild-type mtDNA was present in ETS normal regions whereas deleted mtDNA genomes were detected only within ragged red regions (Fig. 5C ). The same deleted genomes were present at different points within the same ragged red region, demonstrating the clonal nature of the mutated mitochondrial genome in individual ragged red fibers.
Predominance of deleted mitochondrial genomes in ragged red regions
In situ hybridization studies using mtDNA and mtRNA probes to ETS abnormal regions of muscle fibers suggest that mtDNA deletion mutations predominate within the affected portion of the fiber whereas phenotypically normal regions contain wildtype mtDNAs (3, 21) . The PCR analysis of the ETS abnormal regions also identified the presence of mtDNA deletion mutations whereas wild-type mitochondrial genomes were not easily detected (Fig. 2) . As PCR favors the amplification of smaller products, it was possible that the wild-type genomes were not detected by long-extension PCR in the presence of deleted genomes in the ETS abnormal region. To address this question, ETS normal and ragged red regions from the same fiber were laser captured and both the wild-type and deleted genomes were amplified using short-extension PCR. The primer pair F14165 and R15144 amplified a 1-kb fragment from wild-type genomes but not the deleted genome as the 8) and ETS normal fiber sections (lanes 9 and 10) was subjected to whole mitochondrial genome PCR. M denotes the DNA (size) marker.
F14165 primer site was deleted (breakpoint 6429-14219, 7.8 kb deletion, Table 2 ). The primer pair F5881 and R15144 amplified a 1.3-kb fragment of the deleted genome but not the wild-type genome as the wild-type PCR products will be 9 kb and are not efficiently amplified in the short-extension PCR reaction. The wild-type mitochondrial genome PCR product was present in the ETS normal fiber section, whereas the deleted genome PCR product was detected in the ragged red region. Interestingly, the 1 kb wild-type amplification product was not detected in ragged red sections after 35 cycles of PCR amplification, indicating a high ratio of mtDNA deletions to wild-type mtDNA (Fig. 6 ).
DISCUSSION
We found a direct correlation between individual age-related ETS abnormal muscle fiber regions and unique mtDNA deletion mutations. mtDNA deletion mutations were detected in all 29 ETS abnormal fibers analyzed. The deleted mitochondrial genomes were concomitant with COX -and SDH ++ regions of the affected muscle fibers. Only mtDNA deletion mutations were detected in the ragged red regions of the muscle fiber, whereas only wild-type mtDNA was detected in the ETS normal regions. DNA sequence analysis studies have typically been carried out on tissue homogenates. Numerous deletion products were detected, of which many were defined by DNA sequence analysis (3, (31) (32) (33) ; however, as these were homogenate analysis studies, deletion products could not be associated with a known phenotype. LCM and PCR analysis clearly demonstrate that deletion mutations are localized to specific cells identified by histochemical analysis. The deletion mutations in all 29 ETS abnormal fiber regions from rat rectus femoris were located exclusively in the major arc regions of the mitochondrial genome with both the heavy and light DNA replication origins being conserved. Although the retention of both replication origins would appear to be a prerequisite for mtDNA replication, studies in primates indicate otherwise. In situ hybridization of aged rhesus monkey skeletal muscle, for example, identified a minority of mtDNA deletion mutations that involved the light strand origin of mtDNA replication (3, 18) . Recently, Bodyak et al. (23) identified deletion mutations in aged human cardiomyocytes exhibiting a similar genotype. In human mitochondrial diseases, large deletion mutations involving the light strand origin have also been characterized (34) . These findings suggest the presence of a secondary site in the primate mitochondrial genome that can function as the light strand mtDNA replication of origin. Alternatively, the large size of the deletion mutation combined with the longer lifespan of primates may also facilitate the accumulation of deletion mutations involving the light strand origin.
Based upon the observation that direct repeat sequences are present at the deletion breakpoint, a slip replication mechanism was hypothesized as the means by which deletions are produced (35) . In human mitochondria, the 4977 bp 'common' deletion, mtDNA 4977 , was flanked by a 13 bp direct repeat. The mtDNA 4977 deletion accumulated with age in several tissues, reaching the highest level in muscle tissues (0.1% of wild-type genome; 13, 36) . Direct repeat sequences do not appear to be present at the deletion breakpoints in rodents. Interestingly, this is not due to a lack of direct repeat sequences in the rodent mitochondrial genome. Furthermore, large direct repeats are not detected in the deletion breakpoint. Only one breakpoint contained a 7 bp direct repeat and a few of the deleted genomes had 2-4 bp direct repeats present in the breakpoint. In one ragged red fiber, we found several breakpoints present as well as disordered sequences between breakpoints (Table 2 ). This event is not easily explained by a slip replication mechanism.
Accumulation of the same deleted genomes in individual ragged red fibers and in individual cardiomyocytes from aged humans (22) suggests the clonal expansion of deleted mitochondrial genomes. Two hypotheses have been proposed to explain this clonal phenomenon. De Grey (37) proposed a novel model suggesting that damaged mitochondria are degraded more slowly than intact mitochondria and that abnormal mitochondria accumulate in the cell by 'survival of slowest'. The low proton gradient in defective mitochondria may reduce the production of oxygen free radicals and, therefore, decrease the damage to the mitochondrial membrane, leading to the accumulation of defective mitochondria in individual cells (37, 38) . This hypothesis suggests that a variety of mitochondrial genome mutations affecting mitochondrial function would lead to the accumulation of defective mitochondria. In contrast to De Grey's hypothesis, our studies demonstrated a significant correlation between the ETS abnormal regions and large deletion mutations.
A second hypothesis, based upon the size of the mtDNA deletion mutation, presumes a replicative advantage inherent to smaller genomes (39, 40) . Given that cells contain hundreds to thousands of mitochondria, it is difficult to explain how a defective mitochondrion, which suffers from chronic energy shortage and a disrupted proton gradient, could display a replicative advantage over wild-type mitochondria. Clearly, however, large mtDNA deletion mutations accumulate and are associated with the RRF phenotype. Homogenate studies (33) identified smaller deletion mutations in rodents, mutations that do not appear to accumulate to levels sufficient to produce the RRF phenotype. Therefore, it would appear that there is a selection mechanism for large deletion mutations.
In conclusion, the mtDNA genotype was examined along the length of muscle fibers exhibiting a ragged red phenotype from aged rat rectus femoris. Large mtDNA deletion mutations, each unique to the specific ETS abnormal fiber examined, were found in all 29 ragged red fibers analyzed. These deleted mtDNA genomes were predominant in the ETS abnormal fiber segment but not detectable in the ETS normal region of the same fibers. The unequivocal relationship between the RRF phenotype and mitochondrial genotype further strengthens the likelihood that mtDNA deletion mutations are a direct cause of the age-associated ETS abnormalities and subsequent fiber atrophy observed in aged mammalian skeletal muscle. . Wild-type mtDNA genome is not detectable in ragged red region. Deletion-specific primer set [5881 and 15144, with deletion products ∼1.3 kb (breakpoint 6349/14219)] and wild-type-specific primer set (14165 and 15144, with wild-type products ∼1.0 kb) were used to amplify deleted genomes and wild-type genomes, respectively, from ragged red and ETS normal sections of fiber number 32. Lanes 1 and 3, amplification with deletion-specific primer set; lanes 2 and 4, amplification with wild-type-specific primer set. WT, ETS normal section; RRF, ragged red section; M, DNA marker.
